Abstract: In this paper, large-eddy simulation techniques are used to predict aerodynamics through diesel engine intake ports under steady-flow conditions. For the first test case, swirling flows are investigated through an axisymmetric sudden expansion. The LES swirl profile predicted is compared with experimental measurements. For the second test case, a sudden expansion with a valve is tested, where discharge coefficient is compared to experimental data. For the third test case, the same approach is applied to a real engine geometry which has two intake ports. Both the swirl profile and the discharge coefficient are calculated and compared to experiments.
Introduction
The development of diesel engines consists of the optimization of many parameters, such as pollutant emissions, consumption and durability. In this context, CFD is a powerful tool for design engineers supplementary to experiments. On one hand, the 3D fields of the computed variables can be analysed and used to better understand the physical phenomena taking place. On the other hand, the optimisation of geometrical details can be carried out more easily numerically than experimentally. During the last decades, numerous computational studies have been achieved in IC engines using the RANS approach equipped with a k-model or a RNG model [1] [2] [3] . Moreover, with the growing of the computational power [4] , the large-eddy approach becomes now feasible in complex geometries [5] [6] [7] . The interest for LES comes from the flow pattern in internal combustion engines. The flow is very turbulent with small dissipative structures but contains also some main large structures. For instance, in diesel engines, a swirl motion is initiated by the bended intake ports. LES will be able to resolve these structures and give better results than RANS computations. Phenomena taking place in internal combustion engines depend on these main structures. They are also more and more important in regards to the new combustion concepts, based on direct injection for example. The typical way to study the aerodynamics of IC geometries is to transform them in a steady state flow bench problem [8] [9] [10] . Piston and exhaust valves are put out. The airflow passes though the intake port(s), enters into the cylinder, which is directly linked to the outlet. In this study, LES is compared to experiments in three steady state flow benches. First, a swirling flow is tested through a sudden expansion. The swirl profile obtained along the configuration is compared to the swirl profile calculated from the LDA measurements. Secondly, a sudden expansion with one valve is tested. LES axial velocities profiles are compared to LDA measurements and to RANS computations. Moreover, the static pressure axial profile and the characteristic discharge coefficient are compared to experimental measurements. Finally, a geometry with two real bended intake ports is investigated. The axial and tangential mean velocities are compared to DGV experiments and RANS computations. The swirl profile is then compared to experiments and RANS, as well as the discharge coefficient.
The use of CFD in engine design
The prediction of the discharge coefficient and the swirl number is crucial for the design of diesel intake ports. They are measured or calculated through steady state flow benches. The discharge coefficient allows the evaluation at a specific lift and for a specific engine of the mass flow rate, which can enter the cylinder for a given pressure loss through the bench. It is calculated using eq. 1 [15] .
The swirl number is one of the parameters which controls mixing during the intake and compression strokes. It is calculated at a given abscissa x of a configuration from eq. 2 [14] . In this paper, the swirl number is used as a criteria to validate LES results with experimental measurements.
Commonly, the characteristic swirl number of a diesel engine is calculated or measured at x = 1.75 bore from the cylinder head.
Finally, the Reynolds number is calculated for each configuration from eq. 3.
Where ρ is the fluid density, µ is the fluid dynamical viscosity, D is the diameter of the inlet section andṁ is the mass flow rate.
Numerical considerations
The flow solver used is a compressible LES code, called AVBP, developed at Cerfacs. This code is massively parallel thanks to the MPI library. This particular architecture leads to strong flexibility for computations on large meshes using as many processors as required.
The code can use either structured and unstructured meshes [21] .
Sub-grid scale models The sub-grid scale model used in the present study is a specific one, developed at Cerfacs called, WALE [18] . This sub-grid scale model is a zero-equation closure model. It is based on the Smagorinsky model but does not dissipate small structures near solid boundaries. The model constants used for all the computations in this paper have been set-up for academic configurations such as turbulent channel and homogenous isotropic turbulence.
Numerical methods In AVBP, the discretisation of the governing equations is based on a cell-vertex finite-volume method [11] . A Lax-Wendroff central space differencing is employed. This numerical scheme is used in this study. However, a third order scheme is also present in AVBP. TTGC is based on a Taylor-Galerkin Finite-Element approximation [17] . AVBP is fully explicit. For non-reacting flows, the time step is determined by the minimum of the convective time step. The convective time-step is determined by a CourantFriedrichs-Lewy number, CF L 0.7:
The temporal integration of the governing equations is handled by a k-stage Runge-Kutta method.
Boundary conditions The compressible Navier-Stokes equations require the use of non-reflecting formulations for the boundary conditions to let waves exit the computational domain. The NSCBC characteristic method is used to impose flow conditions on the inflow and outflow boundaries [20] . No turbulence injection is imposed at the inlet.
Initial solutions In this study, the flow velocity field is set initially to zero, while pressure and temperature are set to the outlet pressure and to the experimental temperature of the fluid respectively. The mass flow rate is progressively increased with a small relaxation coefficient of the characteristic inlet boundary until it reaches the experimental value.
Axisymmetric sudden expansion
The first test case is an axisymmetric sudden expansion, simulated with a swirl motion imposed at the inlet. The swirl number is 0.6. This configuration has been investigated experimentally by Dellenback [12] . A database of LDA velocity measurements is available and can be compared to LES results. The computations are performed on a full threedimensional mesh ( Fig. 1 ), since LES in two dimensions cannot reproduce the right behavior of swirling flows as shown by Schlüter et al. [13] [16]. The mesh is structured and is composed of 108000 cells. The maximum of y+ is equal to 100 in the whole domain.
The computational domain starts one downtream pipe diameter, D, upstream the expansion, where Dellenback made measurements. It ends fifteen diameters downstream into the dump. The experiments were performed using liquid water. As the CFD code used can only simulate the gazeous phase of fluids, the calculation is performed with nitrogen. Figure 1 : View of the three-dimensional structured mesh of the sudden expansion.
As the effects of compressibility are negligible in this case, the impact of computations with nitrogen is limited. The LES computation lasts in physical time 0.2 s. The instantaneous velocity field is then averaged in time to obtain a mean velocity field and its fluctuations. Fig. 2 compares the LES axial mean and RMS velocity profiles with the LDA profiles at 0.12 x/D from the step. The breakdown of the swirling jet is correctly predicted by LES. The velocity of the central recirculation zone and the velocity of the wall recirculation zone are predicted twice as large by LES. This can explain by the fact that the mesh is not specifically refined at the step. Nevertheless, the level of the axial fluctuations obtained with LES are in good agreement with the measured one, as well as its shape.
The swirl profile along the configuration is presented for LES and LDA in Fig. 3 . The bar across the experimental data corresponds to a 20 % error margin. Through the step, the experimental swirl number decreases sharply from 0.6 to 0.3, since radius is doubled at this abscissa in formula 2. After the step, the swirling jet breaks down and the swirl number increases progressively from 0.3 to 0.9. The breakdown of the jet is correctly predicted regarding the swirl increase. Though, LES predicts a swirl drop larger than the measured one at the step. One can notice that in a straight pipe the swirl number decreases very slightly due to the wall friction. The same observations can be made about swirl calculated with LES. There is globally good agreement between the LES results and the LDA measurements except at the end of the configuration. The differences observed at the end of the pipe may come from the progressive coarsening of the mesh. At 1.75 bore, the swirl predicted by LES is equal to 0.94, whereas the LDA swirl is 0.84, leading to an error of 10 % in the swirl prediction.
Axisymmetric sudden expansion with a valve
The second configuration consists of an axisymmetric sudden expansion with a valve. The diameter of the upstream pipe is multiplied by 3.5 through the step. The diameter of the downstream pipe is called D in this section. LDA measurements are available [19] , as well as RANS computations [1] . RANS computations are performed with KIVA and the standard k − turbulence model [24] . The 3D structured mesh is composed of 125000 cells to limit the CPU time. As the resolution near walls is limited (the mean of y+ is equal to 300), wall function is used to calculate the wall stress and to set the near-wall node velocities [25] [26].
The LES computations are performed on a full three-dimensional structured mesh, composed of 400000 cells, as shown in Fig. 4 . The mesh consists of a H-type mesh. The region near the valve is refined. The cell size is progressively increased towards the outermost left (inlet) and the outermost right (outlet). The maximum y+ is equal to 100 at the valve seat and at the valve head. Table 3 : Parameters used for the LES computation. There is a good agreement between LES and LDA. The peaks due to the breakdown of the valve jet is better predicted by LES than by RANS. Significantly, the sharp peaks of fluctuations are well captured by LES, while the RANS computations capture approximatively the location of these peaks, and hardly reproduce the fluctuations of the peaks, which are smaller by half than the experimental ones. The over-prediction of fluctuations near walls with LES comes from the WALE model, which puts almost zero viscosity near walls.
The static pressure profile obtained with LES is compared to the experimental data in Fig. 6 . The global pressure loss through the configuration predicted by LES is equal to 1730 P a, whereas the measured result is of 1910 P a. The error is then equal to 9 %. Both in the experimental and in the LES pressure profiles, four parts can be distinguished. The first part, located at 0 x/D corresponds to the pressure drop induced by the valve. Then, at about 0.75 x/D, the sudden increase comes from the impingement of the valve jet to the wall. The peak reached is correctly predicted. At 1 x/D, the jet rebounds on the walls, which creates a small depression. Finally, the fourth zone comes from the fluid re-attachement on the wall at 3 x/D. The discharge coefficient has been calculated. The discharge coefficient calculated with LES is 0.175, whereas the experimental discharge coefficient is 0.163. The error is about 7.4 %. 
Real engine intake ports
The real geometry is composed of a tank, two bended intake ports, a cylinder and a silencer. One port is tangential, the other one is helical (Fig. 7) . The valve lift is 8 mm.
Detailed DGV experiments provide a complete mean velocity database [22] . DGV is an optical measurement technique that allows for rapid acquisition of averaged planar flow field data. RANS computations are performed on an unstructured mesh, composed of about 1.6 millions hexaedra with FIRE V8, the standard k − turbulence model and wall laws. In these computations, the pressure difference between the plenum and the silencer is imposed instead of the mass flow rate. Figure 7 : Examples of an helical pipe (left) and a tangential pipe (right) [23] .
The unstructured computational mesh used for LES contains 420000 nodes and 2170000 tetraedra. There is no specific refinement near the wall. Though the mesh is refined near the valve stems, the valve heads and the valve seats. This leads to a maximum value of y+ of 100 at these locations. At the inlet a flat profile is imposed and again, the mass flow rate is chosen to have the same Reynolds number as the experiments, that is to say Re 80000. Again, solid walls are considered as adiabatic and no slip. Fig. 8 and 9 represent the axial and tangential mean velocity fields obtained with the LES and RANS computations and the DGV measurements at 0.12 D from the cylinder head, where D is the bore of the cylinder. On these figures, the tangential port is located at the upper half and the helical port at the downer half. The maxima of axial velocity represent the valve jets and the minima represent the recirculation downstream the cylinder head and the valve heads. RANS predicts a little bit better the breakdown of the tangential jet than LES, whereas LES predicts better the breakdown of the helical jet. This can be explained by the fact that the mesh used for the RANS computations is clearly better refined near the valve seats than the mesh used for the LES computations. As the flow in the tangential port is more separated than the flow in the helical one, RANS can better predict the flow fields near the tangential port. In looking at the tangential velocity fields, LES is in better agreement with DGV than RANS. More quantitatively, the LES and RANS swirl profiles are compared to the experimental data, as shown in Fig. 12 . The bar across the experimental data corresponds to a 10 % error margin. The swirl increases throughout the cylinder since the two valve jets join that is to say until one diameter. After one diameter, the wall friction phenomena become preponderant and the swirl decreases. At 0.75 D, the flow is characterized by a solid body rotation. Then, the swirl decreases slightly due to the wall friction. These variations of swirl are well predicted by LES. Nevertheless, one can notice that LES over-estimates the swirl number throughout the configuration and that at the end of the cylinder the swirl decrease is faster. The RANS swirl profile is very different from the experimental The swirl and the discharge coefficient are predicted respectively with an error of 1.01 % and 0.85 % with LES. LES shows in this case a particular potential of prediction since no adjustement to the model constants has been undertaken and since the RANS computations predict the swirl with an error of 31.1 % and the discharge coefficient with an error of 13.22 %. The errors made by the RANS computations are highly linked with the over-estimation of the mass flow rate, since only the difference of pressure between the inlet and the outlet is imposed. Table 4 summarises the prediction error in % of LES for swirl and discharge coefficient for the three geometries tested. As well as, the averaging time, τ av and the CPU time, T CP U required to perform one τ av on a SGI Origin 3800 on 64 processors is given. For the real geometry, the LES computation of one τ av takes 100 hours. Table 4 : Averaging time, CPU time and prediction error in % of LES for swirl number and discharge coefficient for the three IC geometries tested.
Conclusion
In this paper, LES of three steady state flow benches have been performed. The problem of the numerical calculation of diesel engines has been divided into smaller problems. The quantitative evaluation of the potentiality of LES for each specific phenomena has been realized. For the first test case, an axisymmetric sudden expansion has been simulated with a swirling flow. The swirl profile predicted by LES has been compared to the one calculated from the LDA measurements. The jet breakdown is correctly captured. The swirl number at 1.75 bore from the step is well predicted with an error of 10 %. For the second test case, an axisymmetric sudden expansion with a valve has been computed with a non-swirling flow. The comparisons of the axial mean and RMS velocities between LES and LDA show good agreements. Additionally, the discharge coefficient is calculated for the LES results and the experimental data. This comparison exhibits a difference of only 7 %. Finally, a real geometry with two real bended diesel intake ports has been computed with the LES approach at high lift. This particular case is a critical case difficult to reproduce via the classical RANS approach, that is why it has been chosen as a test case for LES. The comparison of the swirl number between LES, RANS and DGV shows that LES is able to predict a swirl with an error of 1 %, whereas RANS predicts it with an error of 31 %. In addition, the discharge coefficient is predicted by LES with an error of 1 %, whereas with RANS it is predicted with an error of 13 %. The LES 2D velocity fields are qualitatively similar to the one obtained experimentally with the DGV technique. The LES simulation shows here therefore potential as a predictive tool for design purpose.
The presented LES computations are a first step to evaluating the potential of LES in real IC geometries. The next step will be to use the LES techniques in real engines with moving valves and moving pistons to predict the cycle-to-cycle variations. 
